This study was conducted to find out differences in the removal efficiency of particulate matter (PM) depending on the type of plants and the morphological characteristics of leaves. A total of 12 plants were used, with three plants selected for each type of leaves (big leaf, small leaf, compound leaf, needle leaf). We measured the removed amount of PM10 and PM2.5, the structure of the abaxial leaf surface, and the weight of the wax layer of each plant. Plants with the high removal efficiency of PM included Pachira aquatica Aubl., Ardisia crenata, and Dieffenbachia 'Marianne', and plants with the low removal efficiency included Nandina domestica Thunb, Schefflera arboricola, and Quercus dentata. The abaxial leaf surface having a high removal efficiency of PM had many large wrinkles, and the abaxial leaf surface having a medium removal efficiency was flat and smooth. On the other hand, there were many fine hairs on the abaxial leaf surface with a low removal efficiency. According to the plant leaf type, the PM10 removal efficiency of plants with needle leaves was about three times higher than that of other plants. In particular, the wax layer of conifers weighed 6-24 times higher than those of other plants. The stomata of conifers were evenly distributed on the adaxial and abaxial leaf surfaces; however, the stomata of Sciadopitys verticillata appeared in the form of papillae unlike general stomata. Therefore, the removal efficiency of PM varied depending on the macro-, and micro-morphological characteristics of plant leaves such as the structure of the abaxial leaf surface, and the weight of the wax layer. Based on this research, selecting plants that are effective in reducing PM in consideration of the plant type and leaf characteristics will improve indoor air quality and decrease exposure of PM to human body.
Introduction
Particulate matter (PM) is one of air pollutants, and its aerodynamic diameter ranges from 0.001 to 100 µm. In particular, the diameter of PM2.5 is small, and can penetrate deep into the lungs. PM is the toxic compounds of polyaromatic hydrocarbons and heavy metals, and causes diseases in the respiratory and cardiac system of humans, which has increased people's attention to PM (Leonard et al., 2016; Popek et al., 2015; Xing et al., 2016) . Climate change results in atmospheric stagnation and more frequent atmospheric inversion in the northern hemisphere in winter, increasing the concentration of PM2.5 (Chen et al., 2017) .
As over 80% of people living in this modern society spend most of their time in indoor spaces, the importance of indoor air quality as well as outdoor air quality has also increased recently (Firdaus and Ahmad, 2011; Kim et al., 2018) . The level of PM in the indoor air increases as PM generated in outdoor spaces moves into indoor spaces or as PM emitted from indoor pollution sources (Pettit et al., 2017) . For this reason, it is essential to make efforts to reduce the concentration of PM in indoor spaces for the health of people in modern society, and the importance of research on this has also increased.
Plant leaves play a role as a biofilter, and are known to be effective in removing heavy metals (mercury, lead), sulfur dioxide, hydrogen fluoride (HF), volatile organic compounds (VOCs), and PM in the air (Kim et al., 2008; Liu et al., 2012) . Plant leaves remove particulate matter through the following mechanisms: 1) adsorption of PM through interactions between PM and plant leaves (Perini et al., 2017) ; 2) absorption of PM by leaves (Shahid et al., 2017) ; and 3) fallout of particulate matters on the leeward side of the vegetation (Liu et al., 2012) . The ability of plants to remove PM significantly differs depending on the density, type and arrangement of plants (Tong et al., 2016) , the characteristics of leaves (roughness of leaf surface, leaf inclination, stomatal density, diameter and conductivity, unit leaf area, wax layer, hair, trichomes, etc.; Qiu et al., 2009; Räsänen et al., 2013) . In addition, the characteristics of plant leaves affect the deposition and dispersion of PM particles (Janhäll, 2015) . For this reason, examining the characteristics and structure of leaves of individual plant types is an important process for understanding differences in the PM removal efficiency of plants.
Previous studies have mainly focused on how much PM in the air outdoor plants such as street trees and the leaves of biowall plants can adsorb (Beckett et al., 1998; Cho et al., 2017; Liu et al., 2012; Saebø et al., 2012) . Wang (2011) compared the amount of PM removed by 10 species of trees planted along two expressways, and reported that the amount significantly differed depending on the species of plants. A large-scale study reported that when the coverage rate of trees increased to 1/4 of UK conurbations, the concentration of PM2.5 is reduced by 2-10% (McDonald et al., 2007) . A study on comparison of the amount of PM removed by needleleaf and broadleaf trees reported that needleleaf trees accumulated PM more efficiently than broadleaf trees (Chen et al., 2017) , but another study reported that needleleaf trees are vulnerable to the high salt concentration observed along streets in the winter, and that their removal efficiency decreases (Saebø et al., 2012) .
Many studies have been also conducted to examine how much PM was accumulated on leaves depending on the micromorphology of leaves (wax, cuticle, stoma, hair, trichome, etc.; Räsänen et al., 2013; Saebø et al., 2012) , but results are still conflicting. For instance, it has been known that the rougher the surface of plant leaves, the more efficiently PM is removed, but Saebø et al. (2012) reported that there was no correlation between the roughness of plant leaves and the amount of PM accumulated on leaves.
The chemical composition of the wax layer, not its content, affects the reduced amount of PM (Jouraeva et al., 2002) .
Earlier studies mostly focused on outdoor plants such as arbores and shrubs, but there is almost no study that discussed differences in the PM removal efficiency of plants depending on the species of plants, the shape of leaves, the structure of the abaxial leaf surface, the wax layer of leaves, etc. for improving the quality of the indoor air like this study.
This study aimed to identify differences in the PM removal efficiency of plants depending on their species, the morphological characteristics of leaves (big leaf, small leaf, compound leaf, needle leaf), and the microscopic structure of the abaxial leaf surface. Specifically, out of 12 species of plants, those that showed a high removal efficiency were selected, and differences in their PM removal efficiency depending on the morphological characteristics of leaves were identified. This study also examined their correlation with their PM removal efficiency and the micromorphology of leaves such as wax layer and the microscopic structure of the abaxial leaf surface.
Research Methods

Calculation of leaf area and observation of the abaxial leaf surface
Depending on the shape of plants, 3 species of each shape, a total of 12 species, were selected as follows: needle leaf (Sciadopitys verticillata, Pinus bungeana Zucc., Picea glauca 'Conica'); compound leaf (Nandina domestica Thunb., Pachira aquatica Aubl., Schefflera arboricola); small leaf (Ardisia crenata, Pittosporum tobira, Ficus benjamina L.); and big leaf (Dieffenbachia 'Marianne', Philodendron erubescens, Quercus dentata).
The leaf area of plants was measured using a leaf area meter (LI-3100, LI-COR, USA) based on the method of Räsänen et al. (2013) . The leaf area of needleleaf trees was additionally calculated using Equation 1 (Lee et al., 2006) , where, the volume of needle leaves was calculated by measuring the volume of water that was increased when 50 needle leaves were put into a measuring cylinder filled with water.
where A: leaf area, l: length of needle leaf, v: volume of needle leaves, n: number of needle leaves
The structure of the abaxial leaf surface, the cross section of leaves, and stomata were observed using a scanning electron microscope (SU3500, Hitachi, Japan).
Method of measuring the amount of PM reduced by plants
PM particles were dispersed with compressed air, and particles of over PM10 were fallen for 3 hours. Approximately 300 µg⋅m -3 of PM2.5 was injected to a chamber filled with plants, and a fan within the chamber was operated for 30 seconds. After 4 hours, the removed amount of PM was measured (DustTrak DRX Aerosol Monitor 8533, TSI, USA). This process was repeated 4 or 7 times depending on the type of experiments.
Method of measuring the weight of the wax layer on the surface of leaves
To ensure the total leaf area of each plant species is 100 cm 2 , six samples were collected, and the foreign substances on the collected samples were removed with distilled water, and the moisture on the surface of leaves was evaporated within a fume hood for 2 hours. An empty beaker was prepared, and its weight was measured. Chloroform 40 mL was poured into the beaker, and the collected leaves were dipped in the beaker for 40 seconds to dissolve their wax layer. After 40 seconds, the leaves were removed, and chloroform within the beaker was completely evaporated for 1 day. The weight of the beaker with the dissolved wax left was measured, and the weight of the wax layer was calculated by subtracting the weight of an empty beaker from the measured weight.
Results and Discussion
The amount of PM2.5 removed differed depending on the species of plants, but there was no difference observed between the different shapes of leaves ( Fig. 1 ). Out of the Plants were divided based on their leaf shapes, and the amount of PM2.5 and PM10 removed per hour was measured. The amount of PM10 removed by needleleaf plants was higher (89.5 µg⋅h -1 ⋅m -2 leaf area) than other types of plants, but there was no significant difference observed in the amount of PM2.5 depending on the leaf shape of plants (Fig. 3) . The amount of PM10 removed by needleleaf plants was the highest (89.5 µg⋅h -1 ⋅m -2 leaf area), followed by big leaf plants (34.7 µg⋅h -1 ⋅m -2 leaf area), small leaf plants (31.4 µg⋅h -1 ⋅m -2 leaf area), and compound leaf plants (21.0 µg⋅h -1 ⋅m -2 leaf area). In terms of PM2.5, there was no significant difference, but the amount of PM2.5 removed by needleleaf plants was the Since the ability of plants to remove PM differs depending on the microstructure of leaves, the ability differs depending on the species of plants (Liu et al., 2012) . The results of this study showed clear differences in the amount of PM10 and PM2.5 removed depending of the species of plants and the shape of leaves. That is, the amount of PM10 removed by needleleaf plants was significantly higher than other broadleaf plants, but there was almost no difference in the amount of PM10 removed between big, small and compound leaf plants. Weerakkody et al. (2018a) reported that the amount of PM removed by plants differed depending on the size of leaves, and that that removed by small leaf plants was higher than that removed by big leaf plants. However, in this study, the removed amount of PM did not differ depending on the size of leaves, but in terms of the shape of leaves, the amount removed by needle leaf plants was the highest compared to big, small and compound leaves.
Differences in the leaf area of needleleaf plants depending on the method of calculation were also examined, the total leaf area of Pinus bungeana Zucc. and Picea glauca 'Conica' calculated using the method for broadleaf plants (0.10 m 2 and 0.34 m 2 respectively) increased by 1.7 and 1.6 times compared to their total leaf area calculated using the method for needleleaf plants (0.17 m 2 and 0.54 m 2 respectively). On the other hand, the total leaf area of Sciadopitys verticillata calculated using the method for broadleaf plants (0.29 m 2 ) was reduced by 0.7 times compared to its total leaf area calculated using the method for needleleaf plants (0.21 m 2 ; Table 1 ).
The amount of PM2.5 reduced by needleleaf trees significantly differed depending on the method of calculating leaf area (Fig. 4) . When the method of calculating the leaf area of broadleaf trees was applied, the amount of PM reduced by Pinus bungeana Zucc. was the highest (180.1 µg⋅m -2 leaf area), followed by Picea glauca 'Conica' (120.1 µg⋅m -2 leaf area) and Sciadopitys verti- The weight of the wax layer on the leaf surface of needleleaf plants was higher than other plants (Fig. 5) . That of the wax layer on the leaf surface of Sciadopitys verticillata was 43.2 mg⋅100cm -2 leaf area; Pinus bungeana Zucc., 39.6 mg⋅100cm -2 leaf area; and Picea glauca 'Conica', 37.1 mg⋅100cm -2 leaf area. The weight of the Fig. 4 . Differences in PM2.5 removal for 4 hours in three conifers by using different methods of leaf area measurements. Black bars represent PM2.5 removal calculated by using the method of needle leaf area measurement. Gray bars represent PM2.5 removal calculated by using the method of broadleaf area measurment. Data are mean ± SE. wax layer of Sciadopitys verticillata (43.2 mg⋅100cm -2 leaf area) was found to be about 6 times higher than that of the wax layer of Nandina domestica Thunb., one of the measured compound leaf plants, (7.1 mg⋅100cm -2 leaf area), and about 24 times higher than that of the wax layer of Ardisia crenata , one of the measured small leaf plants,
(1.8 mg⋅100cm -2 leaf area).
The amount of PM10 removed by needleleaf plants was significantly higher than other broadleaf plants, and the content of the wax layer on the surface of needleleaf plants was higher by at least 6 times and up to 24 times than other broadleaf plants. These results coincided with those of other studies that reported that the higher the content of the wax layer, the more efficiently PM can be reduced (Saebø et al., 2012) . Uzu et al. (2010) also reported that PM tended to be adsorbed mainly to the trichomes and the wax layer of leaves. The wax layer on the surface of leaves is non-hydrophilic, and thus can absorb more non-hydrophilic particles in the air, and selectively block hydrophilic particles (Perini et al., 2017) . In addition, PM that contains heavy metals is captured by the wax layer on the surface of leaves, and is diffused into the leaves (Shahid et al., 2017) . The results of this study indicate that since the content of the way layer on the surface of needleleaf plants was higher than broadleaf plants, more PM was reduced.
Those that showed a high removal efficiency of PM included Pachira aquatica Aubl., Ardisia crenata, and
Dieffenbachia 'Marianne', and the structure of the abaxial leaf surface had many large wrinkles (Fig. 6A) . Those that showed a medium removal efficiency of PM included Pittosporum tobira, Ficus benjamina L., and Philodendron erubescens, and the structure of the abaxial leaf surface was flat and smooth (Fig. 6B) . Those that showed a low removal efficiency of PM included Nandina domestica
Thunb., Schefflera arboricola, and Quercus dentate, and the structure of the abaxial leaf surface had many fine hairs (Fig. 6C) .
The more and larger wrinkles the surface of leaves has, the larger the leaf area of plants that contacts with PM . In addition, the rougher the surface of leaves, the higher the number of ridges, which is more effective in capturing PM (Weerakkody et al., 2018a) .
Since PM adsorbed on the smooth surface of leaves is highly likely to be dispersed again, and thus its removal efficiency decreases over time (Davidson and Wu, 1990 ).
Similar to the results of this study, Wang et al. (2013) also reported that the rougher the surface of leaves of broadleaf trees, and the deeper wrinkles they had, the larger amount of PM2.5 was reduced.
Schefflera arboricola and Nandina domestica Thunb.
that had hairs on the abaxial leaf surface removed the lowest amount of PM. Perini et al. (2017) also reported that
Phlomis fruticose that had many hairs on the surface of leaves removed a lower amount of PM than other plants that had no hair on the surface of leaves. On the contrary, another study reported that plants that have hairs on the surface of leaves have a larger leaf area that can contact with PM, and that hairs prevent the PM captured on the surface of leaves from being dispersed again, and significantly increased the removal efficiency (Weerakkody et al., 2018b) . Therefore, it is difficult to conclude whether the existence of hairs affects the reduction of PM positively or negatively, and it is necessary to conduct follow-up studies on the length of hair, the density of hairs per unit area and the chemical compounds, targeting various plants (Perini et al., 2017) .
The location and shape of stomata varied depending on the species of plants (Fig. 7) . The cross section of Sciadopitys verticillata was flat with the naked eye, but when it was observed with a scanning electron microscope, there were curves but the middle was sunken as shown in Fig. 7A .
The shape of stomata of Sciadopitys verticillate was not general, but papillae were thickly distributed on a certain area of the abaxial leaf surface. However, no stoma or papilla was observed on the adaxial leaf surface of Sciadopitys verticillata (Fig. 7B, C, J) .
The cross section of Pinus bungeana Zucc. had, either seen with the naked eye or a scanning electron microscope, a projected area in the middle of the adaxial leaf surface, and the abaxial leaf surface was round (Fig. 7D) . The stomata of Pinus bungeana Zucc. were distributed in a row both on the adaxial and abaxial leaf surface (Fig. 7E, F, J) .
The cross section of Picea glauca 'Conica' had a pentagonal shape with the naked eye, but it was difficult to clearly distinguish the adaxial and abaxial leaf surface with an electron microscope (Fig. 7G ). The stomata of Picea glauca 'Conica' were evenly distributed on a certain area of the mesophyll of leaves ( Fig. 7H, I, J) .
In terms of the shape of leaves, the amount of PM10 removed by needleleaf trees was significantly higher than plants that had other shapes of leaves. In general, evergreen needleleaf trees are known to capture more PM than other broadleaf trees (Tallis et al., 2011) . The stomata of the needleleaf trees observed in this study showed various shapes unlike those of broadleaf trees, Pinus bungeana Zucc. and Picea glauca 'Conica' had stomata both on the adaxial and abaxial leaf surface, and stomatal papillae were densely distributed on the abaxial leaf surface of Sciadopitys verticillata. Haworth and McElwain (2008) reported that the stomata of Sciadopitys verticillata were observed on the sunken areas of leaves in the form of papillae, which increases water repellency. The stomata of Pinus bungeana
Zucc. were regularly distributed in a row both on the adaxial and abaxial leaf surface, and had an oval shape with no hair observed on the surface of leaves . While there is a little correlation between the roughness of the surface of leaves and the reduced amount of PM2.5 in the case of needleleaf trees (Wang et al., 2013) , the reduced amount of PM2.5 is known to be affected more by the structural characteristics of the surface of leaves such as stoma, wax layer and cuticle . 
Conclusion
This study aimed to identify differences in the PM removal efficiency of plants depending on the species of plants, the morphological characteristics of leaves (big leaf, small leaf, compound leaf, needle leaf) and the structure of the abaxial leaf surface. There were differences in the reduced amount of PM between big, small, compound and needle leaves, and in particular, the amount of PM10 removed by needleleaf plants was higher than other broadleaf plants. The amount of PM2.5 removed by needleleaf plants, however, did not show significant differences compared to other broadleaf plants. These results can be attributed to the fact that needleleaf plants showed the higher content of the wax layer than broadleaf plants, and thus that the wax layer adsorbed many PM. In addition, since stomata are distributed evenly or in the form of papillae on the adaxial and abaxial leaf surface of needleleaf plants, the leaf area of leaves that can contact with PM increases and shows a higher removal efficiency. The abaxial leaf surface of broadleaf plants with a high PM removal efficiency had steep curves and wrinkles, while the abaxial leaf surface of broadleaf plants with a low PM removal efficiency tended to have many hairs. These differences in the microstructure of leaves seemed to affect the PM removal efficiency of plants. It will be necessary to increase the number of species of needleleaf trees in follow-up studies in order to identify the mechanism behind the differences in the removed amount of PM10 and PM2.5, and the unique structure of the surface of leaves of needleleaf trees, and stomata need to be examined. When PM contacts with hairs on the surface of leaves, electrostatic repulsive force can be generated near the pointed area of hairs, and this phenomenon can affect the PM removal efficiency of plants.
In follow-up studies, it will be necessary to additionally research the density and length of hairs and the chemical compounds of hairs in order to examine electrostatic repulsive force generated between the hairs on the surface of leaves and PM.
